With the increasingly acute contradictions between shortage of bonanza phosphorus resources and phosphate fertilizer demands, to develop an efficient use technology for low-grade phosphate rocks (LGPR) was an inevitable choice. In this study, the physicochemical pro-release phosphate rock (PCPR) was prepared by adding modified lignin during the process of ultra-fine grinding LGPR. The relationship between phosphorus chemical composition of PCPR, molecular structure and fertilizer efficiency was explored by chemical analysis, spectral analysis and pot experiment. The results showed that after pro-release treatment of phosphate rock (PR), available phosphorus, reactive phosphorus and soluble phosphorus levels were significantly increased compared with PR. The available phosphorus content increased by 40%, the reactive phosphorus content increased more than 3.5 times, and 6 consecutive extraction soluble phosphorus accumulation increased by 24 times. The structure of the PR showed the pro-release processing would significantly increase particle fineness and specific surface area of PR , strengthen the characteristic absorption peak intensity of PO 4 3-, HPO 4 2-, replace the Cl -, F -, Fe 2+ in the apatite and change the phase composition of PR. Pot experiment results showed corn biomass and phosphorus utilization processed by the PCPR were much higher than superphosphate (SP), diammonium phosphate(DAP), and significantly improve soil phosphorus content. The high soluble phosphorus and active phosphorus in PCPR providing the moderate continuous phosphorus supply intensity was the main reason for its high bioavailability. The combination of a static extraction and continuous extraction of reactive phosphorus and soluble phosphorus was an appropriate evaluation of physicochemical pro-release effect.
Introduction
Phosphate rock (PR) is an essential raw material for phosphorus fertilizer production, an important strategic non-renewable resources, is significant for the promotion of food production and sustainable agricultural development Schroder et al., 2011; Taheri et al., 2012) . As the large number of phosphate fertilizer products were inputted in agricultural production, phosphate resources (especially high-grade phosphorus ore resources) crisis was increasingly obvious, becoming a worldly common challenge today (Van Vuuren et al., 2010; Dawson et al., 2011) . Although China's total reserves of phosphate rock resources was rich, more than 80% was low-grade phosphate rock (LGPR), P2O5 content was less than 17% in the average (Lu, 2004) . Due to the high impurity content and difficult enrichment, the direct application of PR effect was not ideal as a fertilizer. Meanwhile, it was difficult to meet the needs of high-concentration phosphate fertilizer production (Liao et al., 2011) . In 2010, Chinese phosphate fertilizer production reached 16.43 million tons (P 2 O 5 ), more than one third of total world phosphate fertilizer. Due to continuous demand for food with population growth, Chinese agricultural production will further increase the demand for phosphate fertilizer for a long period in the future. Phosphorus resource shortages will become a serious threat to China's food security. Hence, investigation and development of efficient use technology for LGPR resources to alleviate the crisis and to ensure food security was an inevitable choice.
Recently, the direct use technology of LGPR from microbial composting, ultra-fine grinding and phosphorus activation was increasingly taken seriously (Biswas et al., 2006; Sukhov et al., 2007; Walker et al., 2012) . Such technology not only can significantly improve the effectiveness of PR and phosphorus agricultural value, but also did not require beneficiation of LGPR, which can effectively avoid the high costs and environmental risks beneficiation tailings brought out (He et al., 1999; Chien et al., 2011) . However, microbial composting needed inoculate microbial strains and large amounts of organic waste, sulfur and other auxiliary materials, with length composting cycle (60-120days), and the production of fertilizer products was with low pH (pH <3), which would cause further soil acidification (Osivand et al., 2009; Aria et al., 2010) . The ultra-fine grinding technology process was simple, but the grinding efficiency was low. At the same time, the ultra-fine grinding technology generally required 60-90min with large energy consumption and high production costs (Minjigmaa et al., 2007) . Phosphorus activator was a class of high surface activity and a large number of active groups of inorganic mineral or organic , not only can significantly promote the release of phosphorus, but also effectively reduce soil phosphorus fixation, improve utilization of phosphorus. Direct application of phosphorus activator in the activation of LGPR has become a new area of research focus (Pickering et al., 2002; Liao et al., 2011) . Among known phosphorus activator, lignin and its modified products owned high surface activity and dispersion, not only could be as an efficient activation of phosphorus fertilizer applying in activator production, but also can be used as grinding aids for inorganic mineral ultrafine grinding process in order to improve the grinding efficiency. Therefore, the application phosphorus activator like lignin in ultrafine grinding process of PR would improve the efficiency of PR grinding while promoting activation of phosphorus, was expected to form energy-efficient technologies in the direct use of LGPR. Until now, the researches about application of lignin phosphorus activator and mechanical force synergistic activation of physicochemical phosphate rock (PCPR) were few and the synergic mechanism was rarely reported.
In this study, the synergistic effect of activation PR under the conditions of ultra-fine grinding was investigated using lignin sulfonate as phosphorus activator. The microstructures of ultra-fine phosphate rock (UFPR), PCPR as well as PR were analyzed to explore the intrinsically relationship between the changes in the microstructure of PR and phosphorus availability by virtue of the technologies such as the laser particle size analyzer, X-ray diffraction analysis, IR spectroscopy analysis and so on. Potted plant fertilizer test and phosphorus fertilizer morphological analysis revealed the mechanism of the high available phosphorus for PCPR. The technology would provide an idea for promotion of application and research in physicochemical pro-release technology of LGPR, and supply technical support and scientific basis for the efficient use of Chinese resources in LGPR to mitigate phosphate crisis.
Materials and Methods

PCPR preparation
PR1 produced from Yichun city of Hubei Province and PR2 produced in Liuyang city of Hunan Province,belong to the sedimentary phosphate rock and minerals (Table 1) . Sodium lignosulfonate, total phosphorus (P 2 O 5 ) content 1.16 g / kg and water 4.6%, used as activator. Firstly, mixed 95% (w) phosphate rock with a particle size of 100 mesh and 5% (w) sodium lignosulfonate, added appropriate water, ground them in the bead mill (produced by Swiss Buhler Perl Mill ® PML-H / V-type) for 15min with zirconia beads as grinding media. Concentrated emulsions, dried at 60 ºC. Then the physicochemical pro-release phosphate rock (PCPR1, PCPR2) samples were obtained. The ultra-fine phosphate rock (UFPR1, UFPR2) samples were obtained without adding sodium lignosulfonate under the same conditions. Sample size was determined through the BT-9300S laser particle size distribution analysis system.
Phosphorus release dynamic measurement
Weighed 0.5000 g phosphorus samples in 50mL centrifuge tube, added 50 mL of distilled water, shook at (25 ± 1) ºC for15 min (shaken speed at 200 r / min), centrifuged 10 min (4000r / min), and then filtered them with quantitative filter paper (without phosphate). The filtrate was transferred into 100 mL plastic bottle, added 50 mL of distilled water to the remaining sample residue. The process of shaking centrifugation and filtration was repeated 6 times according to the above method. The soluble phosphorus in filtrate was determined with Mo-Sb colorimetric method (Lu et al., 2000) . 
Phosphorus forms analysis
The available phosphorus before and after PR prorelease treatment was measured with 2% citric acid extraction -vanadium-molybdenum yellow colorimetry (Lu et al., 2000) ; the active phosphorus was extracted with 1mol / L acetic acid -sodium acetate (pH = 4.7) and determined with vanadium molybdenum yellow colorimetry (Zheng et al., 1989) .
Structural analysis
The phosphorus samples were ground and sieved to 200 meshes, and subjected to X-diffraction and infrared spectroscopy analysis. The X-ray diffraction pattern of PR and UFPR, PCPR were examined in Philips X'pert X-ray diffraction at Cu target (0.54056nm), accelerating voltage 40kV, filament current 30mA, step width 0.017deg, 2θ scanning speed of 0.5 ° / min, scan range 3-70 °. The phase composition of phosphorus samples were qualitatively analyzed with Jade 6.5 software and PDF card library.
For the Infrared Spectroscopy analysis (FTIR), mixed about 1 mg phosphorus samples and 200 mg pure spectrum level KBr powder in an agate mortar and tableted them. Then the infrared spectrum sample was obtained and examined in Perkin-Elmer1725X Nicolet infrared spectrometer (USA) at internal chamber vacuum P = 6mbar, scans times 64, scan range 400-4000cm -1 , wavenumber accuracy 0.001cm
, the highest resolution 0.1cm -1 , the measurement error of about ± 1cm -1 .
Pot experiment
The test fertilizers were urea with nitrogen 46%, potassium chloride with available potassium (K 2 O) 60%, superphosphate (SP) with available phosphorus (P 2 O 5 ) 12%, diammonium phosphate (DAP) AR, ordinary phosphate rocks (PR1, PR2), ultra-fine phosphate rocks (UFPR1, UFPR2) and physicochemical pro-release phosphate rocks (PCPR1, PCPR2 The test was set for 9 treatments with four replications. Mounted pot with 4 kg soil, each treatment was fertilized with same amount of nitrogen and potash.
Nitrogen fertilizer was applied with 150 mg of nitrogen per kg dry soil and the amount of urea per pot was 1.30 g; 120 mg potash (K 2 O) was applied per kg dry soil and pot potassium chloride dosage was 0.80 g; 100 mg phosphate (P 2 O 5 ) was applied per kg dry soil, 0.74 g DAP was applied per pot, SP treatment dosage per pot was 3.33 g, and the amount of other phosphate fertilizer treatments was the same with SP. All fertilizer was applied one time as basal fertilizer. The specific fertilization programs are shown in Table  2 . Corns were seeded on the July 15, 2012. Four germinated corn seeds were sowed in one pot. After a week, 3 corn seedlings were planted in a pot. The corn was harvested on August 23 (period of growth 41 d). The aboveground part and roots were harvested (rinse with water). After drying plant and weighting, the total phosphorus in the plant was analyzed. The soil samples were obtained after plants were harvested. The airdried soil was analyzed for phosphorus content. Plant total phosphorus analysis method adopted H2SO 4 -H 2 O 2 digestion-Mo-Sb colorimetry, soil phosphorus analysis method adopted 0.025mol L -1 HCl-0.03 mol L -1 NH4F (Lu et al., 2000) .
Statistical analysis
The data obtained was subjected to analysis of variance(ANOVA). The mean values of four replicates were compared using the standard error of the mean and the Duncan test (p=0.05). 
Results
Ultrafine particle size distribution and apparent nature of PCPR
The particle size of phosphate rock PR1, PR2 (150μm) was significantly reduced after the treatment of the ultrafine grinding and physicochemical pro-release, reaching micron level. In the ultra. fine grinding process, adding activator can further improve the grinding efficiency of PRs, significantly reduce particle size of phosphate powder and increase specific surface area. Compared with UFPR1, the medium particle size of PCPR1 reduced by 77.93% and the specific surface area increased 1.10 times; compared with UFPR2, the medium particle size of PCPR2 reduced by 90.63% and the specific surface area increased 1.31 times (Table 3) . 
The dynamic release characteristics and phosphorus forms analysis of PCPR
Seven different phosphate continuous water extraction results showed (Table 4) , water soluble phosphorus from SP 1st extraction was high, but decayed very fast. The second extraction was only 5.76% of the 1st. After the first three times, the amount of extraction will be less than the PCPR2, and the 6th extraction was only 0.66% of 1st. PRs possessed low content of watersoluble phosphorus content, each extraction volume was at a low level. 
The physical and chemical structure of PCPR
Two kinds of phosphate rock (PR1 and PR2) were processed by ultrafine grinding and physicochemical pro-release. The infrared spectrum varied significantly, main variations for the number of new peaks and the emergence of certain correlation peak position and intensity of the peak (Figures 1 and Figure 2) . Compared with PR1, the characteristic absorption peak 3440cm -1 associated with the stretching vibration of adsorbed water in PCPR1 significantly enhanced. The characteristic absorption peaks 1094 cm were also significantly enhanced. Among the infrared absorption spectrum of PCPR1, the absorption peak strength for stretching vibration of adsorbed water absorption peaks (3440 cm ) intensity related with CO 3 2-and HCO 3 -was also significantly enhanced. Among the infrared absorption spectrum of PCPR2, the absorption peak strength for stretching vibration of adsorbed water absorption peaks (3440 cm -1 ) and 1611 cm -1 related with H 2 PO 4 -were enhanced compared with that in UFPR2 (Figure 2 ).
Hence, under the action of mechanical forces, PR and activator underwent a chemical reaction, in which the firm Ca-P binding of the apatite was broken, the phosphate ion such as PO 4 3-, HPO 4 2-, H 2 PO 4 -activity was significantly enhanced, making that phosphate conversed from the state of hard utilization by plants to the active state in PR and the phosphorus effectiveness was significantly enhanced. The results of the X-diffraction analysis showed that the peak intensity in PR1 and PR2 treated with ultra-fine grinding decreased slightly, but there was no change in phase. Compared with PR1, The Cl -, F -and dolomite Fe 2+ in apatite was replaced after physicochemical pro-release treatment. The F -in apatite was also replaced after physicochemical pro-release treatment of PR2. The main impact of ultra-fine grinding on the structure of phosphate was reducing the degree of crystallization of apatite, without significantly effect on the phase composition of phosphate powder. However, physicochemical pro-release treatment not only can reduce the degree of crystallinity of apatite and the introduce of a hydroxyl group, but also can replace Cl -, F -, Fe 2+ in PR to change phase composition and further improve the phosphorus effectiveness of PR. (Figure 3) 
Pot experiments PCPR
Pot experiment showed that after cultivation for 25 days, the corns without treatment phosphate fertilizer (CK) or PRs exhibited obvious deficiency symptoms, growth retardation, small plant and purple leaf. The administration of SP, DAP, UFPRs and PCPRs could significantly ease corn leaf deficiency symptoms, promote plant growth, but the edge of the part corn processed with SP, DAP, UFPR1, UFPR2 still appeared purple veins symptoms. Compared with CK treatment, the corn biomass processed with phosphate fertilizer increased significantly, in which the effect of PCPR1, PCPR2 on corn yield was the most significant. The corn biomass were increased 9.21-fold and 10.41-fold compared with CK, respectively. Compared with SP, the corn biomass were increased by 28.67% and 43.79%, respectively. Compared with DAP, the corn biomass was also increased significantly, with 28.36% and 43.44% fold, respectively. (Table 6) Figure 2. IR of PR2 and UFPR2, PCPR2 PR2, phosphate rock of Hunan Province; UFPR2, ultra-fine phosphate rock; PCPR2, physiochemical pro-release phosphate rock. The total phosphorus content and P uptake content of the plants body can directly reflect the utilization of phosphorus fertilizer (Gourley et al., 1993) . Each phosphate treatment could significantly promote corn on phosphorus absorption, improve plant phosphorus content and uptake (Table 7) . Plants stems and roots treated with PR1, PR2 were with higher phosphorus content, which was mainly related to their small biomass. The corn stem and root treated with PCPRs were significantly improved in phosphorus content compared with the corresponding UFPRs. Compared with UFPR1, the phosphorus content of corn stem treated with PCPR1 increased by 16.87%, root phosphorus content increased by 34.71%. The phosphorus content of corn stem treated with PCPR2 also increased by 26.37%, root phosphorus content increased by 15.77%, as compared with the UFPR2 . Compared with SP and DAP, the phosphorus content of corn stem and roots treated with PCPR2 were significantly increased by 22.58% and 10.17%, respectively, root phosphorus content increased by 6.91% and 33.87%, respectively.
The total P uptake in plants treated with PCPR2 was the highest, and that of the PCPR1 was the second. The total P uptake of PCPR2 and PCPR1 were 21.41 times and 14.07 times of that in CK.
The utilization for SP, DAP and PR were low, the utilization of phosphorus was significantly improved after PR processed by ultra-fine grinding, in which the phosphorus utilization for PCPR1, PCPR2 were up to 58.69% and 35.68%, respectively. The failure and loss of water-soluble phosphate in the red soil with high content of phosphorus fixation factor such as iron, aluminum and so on, was the main reason for low utilization of phosphate fertilizer. Although water-soluble phosphorus content and available phosphorus content in the PCPRs was not as SP and DAP, persistent dynamic characteristics of release phosphorous not only could meet the continuous phosphorus absorption, but also could reduce the phosphorus loss and soil fixation, thus obtained a high phosphorus utilization, which was not only conducive to crop growth, but also can reduce phosphorus inputs and phosphorus loss harmful to the environment. Compared with the corresponding ordinary rock phosphate (PR1, PR2), PCPR1 and PCPR2 also significantly increased soil phosphorus content, the soil phosphorus content were increased by 2.95 times and 6.45 times than those with CK treatment. The correlation analysis showed that there was a significant correlation coefficient r = 0.86 (p <0.05) between active phosphorus content measured with 1mol / L of acetic acid -sodium acetate (pH = 4.7) and corn biomass, which reflected biological fertilizer better compared with available phosphorus extracted with a 2% citric acid solution, provided a new measurement tool of rapid evaluation. (Figure 4) 
Discussion
Mechanism and inspiration of phosphorus availability for PCPR
Phosphate rock structure is closely related to its effectiveness. The bonding situation of water-soluble phosphate (H 2 PO 4 2-) and weak acid soluble phosphate (HPO 4 2-) in PR analyzed with infrared spectroscopy and X-diffraction, and the degree of crystallization of apatite could measure direct effect, where the higher H 2 PO 4-and HPO 4 2-content was, the lower the degree of crystallization of apatite was, the higher phosphorus activity in PR and more easily crop absorbed and used (Cevik et al., 2010) . There was a high degree of crystal in PR and low in water-soluble phosphorus and available phosphorus. The PR crystallinity through ultra-fine grinding and the available phosphorus was significantly increased. However, an increase in surface energy of particles significantly enhanced adsorption capacity of phosphorus, limited its water-soluble phosphorus release. Physicochemical treatment not only can significantly reduce the degree of crystallinity of PR, but also can further increase the particle fineness and specific surface area, improve phosphate ions chemically activity such as PO43-, HPO 4 2-, H 2 PO 4-and so on. Meanwhile, high surface activity and ion complexing ability of activators not only reduced phosphate powder particle surfaces promoting desorption of phosphorus, but also further promoted the release of phosphorus with replacement of Cl The phosphate accumulation of six consecutive extraction soluble phosphorus in PCPR was more than 24 times than ordinary PR, was increased by more than 16 times compared with the same conditions obtained UFPR, with moderate release rate of water-soluble phosphorus and sustainable water-soluble phosphorus release strength at 1000-3000 (P 2 O 5 ) mg•kg -1
. As the water-soluble phosphorus was the direct phosphorus form plants used, maintaining adequate supply of water soluble phosphorus was basis to improve crop yield, but excessive fertilization could make that water-soluble phosphorus was likely to be fixed in soil or loss with water if not promptly absorbed by crops (Bochove et al., 2007) . Hence, the utilization of ordinary water-soluble fertilizer (such as SP, DAP) was low and the PCPR not only can meet crop continuous absorption, but also can reduce the loss of phosphorus and soil fixation, which possessed a high phosphorus utilization.
The PCPR was significantly superior to conventional fertilizer, further indicating that phosphate fertilizer was not only relevant with total phosphorus, but also with water-soluble phosphorus release rate, a key factor affecting phosphate fertilizer. Recently, the determination of the effectiveness of phosphate were measured using one extraction, which can only reflect total supply phosphorus from the available phosphorus content, not from water-soluble phosphorus release strength and durability to reflect phosphorus supply speed. In this study, the combination of measurement of active phosphorus using acetic acid-sodium acetate extraction and water-soluble phosphorus extracted with continuous water extraction and investigation phosphorus supply capacity from the supply volume and speed were beneficial to make a proper evaluation of bio-fertilizer, had important theoretical and practical significance of further research for improving the effectiveness.
Prospect and significance of technology applications for PCPR
There were increasingly acute contradictions between shortage of bonanza phosphorus resources and fertilizer demands, causing a tremendous impact and threats to China's agricultural production and food security (Liao et al., 2011) . With high energy consumption and heavy pollution, traditional production of phosphate fertilizer industry technology system was difficult to utilize a lot of LGPR resources effectively. Moreover, phosphorus utilization for the phosphate fertilizer products was low, easy loss with the water causing water pollution, which has been unable to meet the economic and social development needs. How to obtain an efficient use of technology in the traditional framework of phosphate fertilizer production technology has become an important and urgent task.
Physicochemical pro-release technology can be directly used in the treatment of LGPR resources to develop efficient fertilizer, alleviating the current severe crisis of phosphorus resources and environmental pressures, ensuring our food security and maintaining sustainable development of agriculture, with great strategic significance. In the traditional method of acid phosphate and thermal phosphate-based fertilizer production technology system, most of the phosphate ore must be enriched in order to meet the high concentration of phosphate fertilizer production requirements. In China, the vast majority of phosphate rock was low-grade. On the one hand, it would lose a considerable amount of phosphorus due to difficult processing and high cost beneficiation. Moreover, the lower the phosphate rock grade was, the higher the grade of concentrated phosphate rock was and the greater the loss of phosphorus was. On the other hand, a large number of beneficiation tailings if not properly treated, will not only cause serious environmental pollution, but also contain waste large amounts of tailings phosphorus, calcium, magnesium, iron, manganese, potassium, silicon and other nutrients. Physicochemical pro-release technology eliminating beneficiation can directly utilize LGPR to product fertilizer, not only can significantly save processing costs, effectively avoid environmental pollution and phosphorus losses caused by ore dressing, but also can take full advantage of phosphorus, calcium , magnesium and other nutrients in the LGPR, improve utilization of phosphorus resource, greatly extend mine life phosphate ore.
With the advantages of high efficiency and energy saving, physicochemical pro-release technology played an important role in low-carbon for phosphate fertilizer companies and improving the competitiveness of phosphate fertilizer products. Compared with the traditional acid and the thermal phosphate production technology, physicochemical pro-release technology, whose process was simple and without beneficiation, can save 10%~40% cost and significantly improve the phosphorus effectiveness of LGPR and agricultural value. With a high phosphorus fertilizer utilization and significant fertilizer efficiency, PCPR was better than UFPR, SP and DAP and other conventional fertilizer, not only can reduce phosphorus inputs and save phosphate ore, but also can reduce caused environmental hazards by phosphorus losses.
In addition, with strong mineral surface modification capability, the physicochemical pro-release treatment can effectively utilize lignin, monosodium glutamate wastewater, furfural residue, γ-polyglutamate and other organic wastes, provide a new way for utilization of industrial and agricultural wastes resources and development of mineral fertilizer sources such as silicon, potassium, magnesium and so on, with broad application prospects.
Conclusions
Physicochemical pro-release technology can significantly improve the effectiveness of phosphorus availability and agricultural value in low-grade phosphate rock (LGPR). Compared with phosphate rock (PR), phosphorus content in physicochemical pro-release phosphate rock (PCPR) increased by 40%, active phosphorus increased by 350% times and the 6 consecutive extraction soluble phosphorus accumulation increased by 2400% with a steady supply of phosphorus characteristics. Fertilizer efficiency and phosphorus utilization were superior to superphosphate (SP) and diammonium phosphate (DAP).
PCPR exhibited good characteristics of release performance and fertilizer efficiency, because physicochemical pro-release treatment significantly reduced crystallization of PR, increased the particle fineness and specific surface area, improved chemical activity of PO 4 3-, HPO 4 2-, H 2 PO 4-and other phosphate ions. Physiochemical pro-release technology for LGPR could save resources and energy, was a major issue in agricultural production to build a conservation-oriented society. PCPR with lignin and PR is a successful attempt to develop LGPR and new uses for industrial waste. In the future, researches in this area were of great importance to ease the crisis and develop new phosphorus fertilizer products.
